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Abstract We used linear stability theory based on the normal mode decomposition technique to study the
criterion of appearance of the stationary convection and the oscillatory convection in a binary viscoelastic fluid
mixture in a porous medium under the effect of helical force. Nonlinear stability theory based on the minimum
representation of double Fourier series is used to study the rate of heat and mass transfer. We have determined the
analytical expression of the Rayleigh number of the system as a function of the dimensionless parameters.
Expressions for heat and mass transfer rates are determined as a function of Nusselt and Sherwood number,
respectively. The transient behaviors of the Nusselt number and the Sherwood number are studied by solving the
finite amplitude equations using the Runge - Kutta method. Then, the effect of each dimensionless parameter on the
system is studied pointed out interesting results.
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1. Introduction
The study of diffusive double convection in a porous
medium is of great practical importance in many branches
of science and engineering such as centrifugal filtration
process, petroleum industry, food engineering, chemical
engineering, geophysics and biomechanics, etc. Due to the
increasing research in porous media, double-diffusive
convection in porous media attracts many researchers in
recent years due to its applications in atmospheric science,
seawater flow, earth mantle convection, solidification of
binary alloys. An excellent review of most of the related
findings on diffusive double convection in a porous
medium has been given by Nield and Bejan [1], Ingham
[2] and Pop and Vafai [3]. The occurrence of thermal
instability in a horizontal porous layer was first studied
extensively by Horton and Rogers [4] and Lapwood [5].
However, Nield was the first to generalize the double
convection problem studied by Horton, Rogers and
Lapwood. Rees et al. in a series of studies investigated the
thermal non-equilibrium effect (LTNE) on convective
fluxes in a porous medium [6-9]. Several other authors
have studied the problem of double diffusive convection in
a porous medium [10-21]. Bahloul and his collaborators
[22] carried out an analytical and numerical study of

double diffusive convection in a shallow horizontal porous
layer under the influence of the Soret effect. Gaikwad et al.
studied the problem of diffusive double convection in an
anisotropic porous medium by taking into account crossdiffusion effects and using linear analyzes [23]. Malashety
et al. studied how heat and mass transfer are affected in a
fluid saturated porous layer using a local thermal
non-equilibrium model [24]. In addition, Shivakumara et
al. investigated the combined effects of boundary and
thermal non-equilibrium on the onset of Darcy-Brinkman
convection in a porous layer [25].
It has been shown that the instability can be stationary
and oscillatory depending on the viscoelastic properties of
the fluid [26]. Oscillatory convection in viscoelastic fluid
study was also made by several researchers [27-38].
The classical problem of Rayleigh-Bénard convection of
viscous fluids in a rotating layer is studied by Chandrasekhar
and he showed that rotation stabilizes the system [39].
However, in the planetary atmosphere, the turbulent
convection motion is destined to become helical. The
properties of small-scale helical turbulence were first
discovered in magneto-hydrodynamics by Steenbeck et al. [40].
This discovery fostered the development of the
magneto-hydrodynamic (MHD) theory. The publications
on the hydrodynamic alpha effect have been made by
Levina et al. [41,42,43] following by many others works
[44-48].
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Although there are several works in the literature on
diffusive double convection in a rotating porous medium
saturated with ordinary fluid and viscoelastic fluid, very
little attention has been devoted to the study of the effect
of the helical force on the double convection of binary
viscoelastic fluid. The aim of the present work is to study
the effect of the helical force on the stationary and
oscillatory convection of a binary viscoelastic fluid in a
porous medium. To do this, we used the linear stability
theory to determine the expression of the thermal
Rayleigh-Darcy number as a function of the system
parameters. Then we studied the effect of each parameter
on the occurrence of stationary and oscillatory convection
in a binary viscoelastic fluid under the effect of the helical
force. We also used the nonlinear stability theory to study
the heat and mass transfer criteria by calculating the
Nusselt number and the Sherwood number. We provided
main results and discussions of the work followed by the
conclusions.

194

RaTD Ra
=
In the above equations,=
T Da
represents

the

thermal

αT ρ0 g ∆TKd
εµ kT

Rayleigh-Darcy

α C ρ0 g ∆CKd
=
RaCD Ra
=
C Da
εµ kT

number,

represents the

Rayleigh- Darcy number, =
=
S D SDa

mass

ρ0 aω K
represents
εµ

the product of the helical force intensity and the Darcy

ρ0 aω d 2
represents the intensity of the
εµ
K
represents the Darcy number,
helical force, Da =
d2
εP
µ
Va = r represents Vadasz number, Pr =
ρ0 kT
Da
kC
represents the Prandtl number, τ =
the diffusivity
kT
ratio,
𝒒𝒒 = (𝑢𝑢, 𝑣𝑣, 𝑤𝑤)
filtration
rate
field,
2. Mathematical Formulation of the
∂ (e ∧ q)
with e = ( 0, 0,1) and ∇ the
=
f e ( curlq ) z −
Problem
∂z
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Consider a porous horizontal layer saturated by a binary
viscoelastic fluid, incompressible confined between two
distant horizontal plates ( 𝑧𝑧 = 0 and 𝑧𝑧 = 𝑑𝑑 ) of d
3. Linear Stability Theory
and heated from below. The layer is subjected to a vertical
temperature and concentration gradient. A temperature
In this section, we predict the thresholds of steady and
and concentration difference across the layer is imposed:
oscillatory convection using linear stability theory. To
𝑇𝑇(𝑧𝑧 = 0) = 𝑇𝑇0 + ∆𝑇𝑇 , 𝐶𝐶(𝑧𝑧 = 0) = 𝐶𝐶0 + ∆𝐶𝐶, 𝑇𝑇(𝑧𝑧 =
study the linear stability of the system, we need the linear
𝑑𝑑) = 𝑇𝑇0 and 𝐶𝐶(𝑧𝑧 = 𝑑𝑑) = 𝐶𝐶0 . The configuration of the
parts of the equations (1)-(3). The pressure and the two
problem is shown in Figure 1.
components of the velocity field can be eliminated easily
by applying 𝛻𝛻 ∧ and 𝛻𝛻 ∧ 𝛻𝛻 ∧ to Navier-Stokes equations
and by considering the vertical components of the
resulting equations. After some calculations, we obtain the
following linear equations:
number, S =
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Figure 1. Vertical section through a porous layer saturated by a
viscoelastic fluid

Under the Boussinesq approximation [38], the
equations that govern the dynamics of a viscoelastic fluid
in a porous medium in dimensionless form are:
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− SD
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2
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2
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t
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The eigenvalue problem defined by the equations (4) (7) is solved using periodic time-dependent perturbations
in the horizontal plane, assuming that the amplitude is
small enough and can be expressed by normal mode
decomposition [29].
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(8)

where 𝑘𝑘𝑥𝑥 and 𝑘𝑘𝑦𝑦 represent respectively the wave numbers
in the directions 𝑥𝑥 and 𝑦𝑦 . 𝑠𝑠 = 𝜎𝜎 + 𝑖𝑖𝑖𝑖 is a complex
number which represents the growth rate of disturbances;
with 𝜎𝜎 the disturbance growth factor and 𝜔𝜔 the
disturbance frequency.
By replacing the equations (8) in the equations (4) - (7)
∂
then setting D = , we obtain the following ordinary
∂z
differential equations:

(
)
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0
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(9)

 1

+  ( λ1s + 1) s + ( λ2 s + 1)  Z =
0
 Va

2

(11)

))

(12)

( (

s − τ D2 − k 2 C − w =
0.

By eliminating 𝑍𝑍 from the equations (9) and (11), we
obtain the equation below:

(

)
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D 2 − k 2 Ws
 s λ2 s + 1  

Va
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 Va λ1s + 1   + k 2 Ra T − k 2 Ra C 
TD
CD 


(

)

(

)

In order to analytically solve the equations (11)-(13),
the boundary conditions below are used at 𝑧𝑧 = 0 and
𝑧𝑧 = 1.
(14)

T= D 2W= W= C= 0.

The exact solutions that satisfy the equations (11)-(13)
using the boundary conditions Eq. (14) are

=
W Asin
=
(π z ), T Bsin (π=
z ) , and C Esin (π z ) (15)
where 𝐴𝐴, 𝐵𝐵 and 𝐸𝐸 are constants. By replacing these
solutions in the equations (11)-(13), we obtain the
following equations:

)

(

2
− π 2 + k 2 A11
+ π 2S2D −π 2 + k 2

)) A

(16)
+ k 2 A11RaTD B − k 2 A11RaCD E =
0.

(19)

+ a4 s 4 + a5 s5 + a6 s 6 =
0

where the coefficients 𝑎𝑎𝑜𝑜 , 𝑎𝑎1 , 𝑎𝑎2 , 𝑎𝑎3 , 𝑎𝑎4 , 𝑎𝑎5 and 𝑎𝑎6 are
known constants.
We thus obtain the expression of the thermal
Rayleigh- Darcy number of the system which is presented
as follows:
2
s + δ 2 ) (δ 2 A11
+ π 2S2D ( −π 2 + k 2 ) )
(
=

k 2 A11

(20)

( s + δ 2 ) Ra .
+
CD
( s + τδ 2 )

3.1. Stationary Stability Analysis
For the existence of neutral stability, the real part
of the growth rate of disturbances s is zero. Moreover,
for the appearance of stationary convection, the growth
rate of disturbances is zero. That is, 𝑠𝑠 = 𝜎𝜎 = 𝑖𝑖𝑖𝑖 = 0.
By replacing 𝑠𝑠 = 𝜎𝜎 = 𝑖𝑖𝑖𝑖 = 0 in equation (20), we
obtain the expression of the thermal Rayleigh-Darcy
number in the case of stationary convection which is
written:

st
=
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2
+ 2
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+
.
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The system formed by equations (16)-(18) only admits
a non-trivial solution if the determinant of the matrix
whose elements are the coefficients of the constants 𝐴𝐴, 𝐵𝐵
and 𝐸𝐸 is zero. Thus, setting 𝛿𝛿 2 = 𝜋𝜋 2 + 𝑘𝑘 2 , the eigenvalue
problem leads to the following characteristic polynomial :

(10)

))

− k2 T − w =
0

(17)

2

2

RaTD

− S D ( λ1s + 1) D 2W

(s − (D
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( s + τ (π + k )) E − A =0
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δ 2 δ 2 + π 2S2D −π 2 + k 2
k

2

)) + 1 Ra
τ

CD .
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It should therefore be noted that the expression of the
st
stationary thermal Rayleigh-Darcy number RaTD
is
independent of the parameters of the viscoelastic fluid.
This is explained by the fact that the fluid in its basic state
is not flowing and viscoelasticity cannot therefore affect
the onset of stationary convection when the fluid is at rest
or when its flow is weak [20].
From this expression of the stationary Rayleigh- Darcy
number found, we find some results known in the
literature. Thus, if 𝑆𝑆𝐷𝐷 = 0 and 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 = 0 , we find the
expression of the stationary thermal Rayleigh-Darcy
number in the case [1]. If 𝑆𝑆𝐷𝐷 = 0, we find the expression
of the stationary thermal Rayleigh-Darcy number in the
case [37].
We then determine the stationary critical thermal
𝑠𝑠𝑠𝑠
and the critical wave
Rayleigh-Darcy number 𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇
number 𝑘𝑘𝑐𝑐 . The equation verifying the critical wave
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number kc is obtained by minimizing the expression of the
st
stationary thermal Rayleigh-Darcy number RaTDc
with
st
 ∂RaTDc

respect to the wave number; i.e. 
= 0  . By doing
 ∂k



so, we find the critical thermal Rayleigh-Darcy number

st
given by the expression:
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1
2

) (


  1 − π 2S2D
× 1 + 
2 2
  1 + π SD







−

)

1
2

(22)

1

 + RaCD .
 τ


3.2. Oscillatory Stability Analysis
In the case of the oscillatory neutral stability study, the
disturbance growth rate is non-zero. That is 𝑠𝑠 = 𝑖𝑖𝑖𝑖. By
replacing 𝑠𝑠 = 𝑖𝑖𝑖𝑖 in the equation (20), we obtain the
expression of the thermal Rayleigh-Darcy number on the
form:

RaTD =∆1 + iω∆ 2 .

(23)
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4. Weakly Nonlinear Analysis
The linear stability theory of the system made above
aims to determine the critical values of the RayleighDarcy number above which the system is unstable and
below which the system is stable. Although this theory of
linear stability is important, it does not allow the
calculation of certain important physical quantities such as
the amplitude of convective motions, the rate of heat
transfer and the rate of mass transfer. So we need to do a
non-linear stability analysis of the system [12]. In most
applications of traditional porous media, the Vadasz
number is large enough [15]. For this reason, we will
subsequently neglect it in the calculations that follow. To
further simplify the calculations, we have considered the
case of two-dimensional rolls. Thus, all physical quantities
are considered to be independent of y and the current
∂ψ
∂ψ
and w = −
will therefore
function 𝜓𝜓 such as u =
∂z
∂z
be used. A local nonlinear stability analysis will be
performed using a strongly truncated representation of the
Fourier series for the current function, temperature and
concentration. The minimal system that describes this
convection of finite amplitude is written as follows [13]:

ψ = A1 ( t ) sin ( kx ) sin (π z )

(26)

The Rayleigh number being a real physical quantity,
so
=
T B1 ( t ) cos ( kx ) sin (π z ) + S1 ( t ) sin ( 2π z )
(27)
the imaginary part of the expression of the thermal
C D1 ( t ) cos ( kx ) sin (π z ) + E1 ( t ) sin ( 2π z ) (28)
leads to
Rayleigh-Darcy number given by ∆2 = 0 which =
the equation below:
where the amplitudes 𝐴𝐴1 (𝑡𝑡) , 𝐵𝐵1 (𝑡𝑡) , 𝑆𝑆1 (𝑡𝑡) , 𝐷𝐷1 (𝑡𝑡) and
𝐸𝐸1 (𝑡𝑡) are time dependent functions and are to be
b1 (ω 2 )5 + b2 (ω 2 )4 + b3 (ω 2 )3
(24)
determined
from the dynamics of the system.
+b4 (ω 2 )2 + b5 ω 2 + b6 =
0.
By applying 𝛻𝛻𝛬𝛬 to the equation (1) to eliminate the
pressure and by introducing the current function 𝜓𝜓 in the
The thermal oscillatory Rayleigh-Darcy number of the
resulting equation and in the equations (1)-(3), we obtain
system is then given by the expression:
at least:
 2 1
λ − λ 
dA1
+ 2 2 12  
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(29)
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−
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2
dt
2
k

( )

(
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 ω 2 + τδ 4 
+
 Ra .
 ω 2 + τ 2δ 4  CD


If 𝑆𝑆𝐷𝐷 = 0 and 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 = 0 , we find the expression
of the oscillatory thermal Rayleigh-Darcy number in the
case [1]. If 𝑆𝑆𝐷𝐷 = 0 , we find the expression of the
oscillatory thermal Rayleigh-Darcy number in the case
[37].



d 2 B1
 − X1H1 − k λ1λ2 RaTD
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= 
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2
2 1


dt
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With 𝐿𝐿 = 𝜆𝜆22 𝛿𝛿 2 + 𝜆𝜆21 𝜋𝜋 2 S𝐷𝐷2 (−𝜋𝜋 2 + 𝑘𝑘 2 ) , 𝑋𝑋1 = 2(𝜆𝜆2 𝛿𝛿 2 +
𝜆𝜆1 𝜋𝜋 2 S𝐷𝐷2 (−𝜋𝜋 2 + 𝑘𝑘 2 )) and 𝑋𝑋2 = 𝛿𝛿 2 + 𝜋𝜋 2 S𝐷𝐷2 (−𝜋𝜋 2 + 𝑘𝑘 2 ).
The above system of nonlinear autonomous differential
equations whose time variables cannot be solved
analytically. It will be solved numerically. After
determining the values of the amplitude functions
𝐴𝐴1 (𝑡𝑡), 𝐵𝐵1 (𝑡𝑡), 𝑆𝑆1 (𝑡𝑡), 𝐷𝐷1 (𝑡𝑡), 𝐸𝐸1 (𝑡𝑡) and , 𝐻𝐻1 (𝑡𝑡) we get the
expressions of Nusselt number and Sherwood number as a
function of time. From the qualitative point of view, we
perform a stationary analysis by fixing the left side of the
equations (29)-(34) equal to zero by considering that all
the amplitudes are constant. By eliminating all the
amplitudes except 𝐴𝐴1 , we obtain an equation as a function
of 𝐴𝐴1 and which takes the form:

(

))

(

 δ 2 + π 2S2 −π 2 + k 2

D




2
2
  2 A1 2   2 A1 −1 2  
×
+
+
δ
τδ
τ
k
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 + k 2  δ 2 + 1 k 2  RaCD
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remaining solutions with x =

8

(35)

(

=
F1 τ −1k 4 δ 2 + π 2S2D −π 2 + k 2

(

(

δ δ
−π + k
F2 = τ −1k 2 
 2
 + k (τ RaCD − RaTD )
+ π 2S2D

(

(

2

(

2

(

))



A12

1 
=
− F2 + F22 − 4 F1F3  .

8
2 F1 

2

.

∂TTotal
∂z z =0

(39)

J = − kc

∂CTotal
∂z z =0

(40)

TTotal =−
Tl

∆T
z + T ( x, z , t )
d

(41)

CTotal =
Cl −

∆C
z + C ( x, z , t ) .
d

(42)

By replacing the equations (26)-(28) in the equations
(41)-(42) then the resulting equations in the (39)-(40), we
get the expressions for heat and mass transfer rate:


.



H
=
=
J

(37)

kT ∆T
(1 − 2π C1 )
d

(43)

kC ∆C
(1 − 2π E1 ) .
d

(44)

The Nusselt and Sherwood numbers are defined

Considering now that the expression which is under the
radical of the equation (37) is zero, we find the expression
of the thermal Rayleigh-Darcy number 𝑅𝑅𝑅𝑅𝐹𝐹𝑇𝑇𝑇𝑇 of finite
amplitude which describes the beginning of stationary
motions of finite amplitude. The thermal Rayleigh- Darcy
number 𝑅𝑅𝑅𝑅𝐹𝐹𝑇𝑇𝑇𝑇 of finite amplitude is given by

1 
−G2 + G22 − 4G1G3 

2G1 

)) (τ 2 − 1) + τ k 2 RaCD 

H = −kT

2

))

)

After determining the amplitudes of the equations (29)(34), we can determine the heat and mass transport
of a viscoelastic fluid under the effect of the helical
force. This is very important for the study of convection
in fluids. In the ground state, heat and mass transport
� and 𝐽𝐽 ̅ are the
are solely determined by conduction. If 𝐻𝐻
heat and mass transfer rates per unit area, respectively,
then

The equation (36) gives a positive root for some fixed
values of system parameters:

G1 = k 4

(

k 2 A12 + 8τ 2 π 2 + k 2

=
G3 δ 2 δ 2 + π 2S2D −π 2 + k 2


)) (1 + τ )

τδ 2 δ 2 + π 2S2 −π 2 + k 2
D
F3 = δ 2 
 2
 + k ( RaCD − τ RaTD )

F
RaTD
=

2k 2 A12

where the brackets represent the horizontal mean and
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 are given by

With

2

Sh = 1 +

(36)

F1 x + F2 x + F3 =
0.

2

kT ∆T
(1 − 2π C1 )
d
kC ∆C
J
=
(1 − 2π E1 )
d
dH
Nu=
= (1 − 2π C1 )
kT ∆T
H
=

are given by

2

(

∆T
z + T ( x, z , t )
d

4.1. Heat and Mass Transport

The solution 𝐴𝐴1 = 0 only gives the pure conduction
solution when 𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇 is large enough. Therefore, the

A12

TTotal =−
Tl

(38)

by

Nu=

dH
=
kT ∆T

(1 − 2π C1 )

(45)

Sh=

dJ
=
kc ∆C

(1 − 2π E1 ) .

(46)

By using the equations (29)-(34) to express 𝐶𝐶1
and 𝐸𝐸1 as a function of 𝐴𝐴1 , the equations (45)-(46) become
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Nu = 1 +

Sh = 1 +

2k 2 A12

(

k 2 A12 + 8 π 2 + k 2

)

2k 2 A12

(

(47)

k 2 A12 + 8τ 2 π 2 + k 2

)

.

(48)

5. Results and Discussions
Our analysis consists in studying theoretically the
criterion of appearance of convection in a porous layer
saturated by a binary mixture of viscoelastic fluid heated
from below in the presence of the helical force.
Figure 2 show the marginal stability curves in the plane
(𝑘𝑘, 𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇 ) in the case of stationary convection.
The thermal Rayleigh-Darcy number of the system in
the stationary case is independent of the parameters of the
viscoelastic fluid. These results therefore boil down to the
effect of the helical force on the stationary double
convection of a binary Newtonian fluid in a porous
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medium. Figure 2-a shows that increasing the intensity
of the helical force causes the critical thermal
Rayleigh- Darcy number to decrease. This shows that the
helical force destabilizes the system by accelerating
the onset of stationary convection. According to
Figure 2-b, we noticed that the critical thermal
Rayleigh-Darcy number increases with the growth of
the mass Rayleigh-Darcy number. So the mass
Rayleigh-Darcy number stabilizes the system by
delaying the onset of stationary convection. Figure 2-c
shows that the increase in the ratio of diffusivities causes
the decrease in the critical thermal Rayleigh-Darcy
number. Which shows that the ratio of diffusivities
destabilizes the system by accelerating the onset of
stationary convection.
Figure 3 presents the marginal stability curves in the
plane (𝑘𝑘, 𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇 ) in the case of oscillatory convection for
distinct values of the intensity of the helical force, the
relaxation time parameter, the retardation time parameter,
the mass Rayleigh-Darcy number, the Vadasz number and
the ratio of diffusivities for some fixed values of the
system. parameters.

Figure 2. Marginal stability curves
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Figure 3. Marginal stability curves

Figure 3-a shows that when the intensity of the helical
force increases, the critical thermal Rayleigh-Darcy number
decreases. This means that the intensity of the helical
force destabilizes the system by accelerating the onset of
oscillatory convection. Figure 3-b shows that when the
relaxation time parameter increases, the critical thermal
Rayleigh-Darcy number decreases. So the relaxation time
parameter destabilizes the system by accelerating the onset
of oscillatory convection. According to the Figure 3-c the
critical thermal Rayleigh-Darcy number increases with the
growth of the delay time parameter. This means that the
delay time parameter stabilizes the system by delaying the
on- set of oscillatory convection. Figure 3-d shows that
the critical thermal Rayleigh-Darcy number increases with
the growth of the mass Rayleigh-Darcy number. So the

mass Rayleigh-Darcy number stabilizes the system by
delaying the onset of oscillatory convection. According to
the Figure 3-e the critical thermal Rayleigh-Darcy number
decreases with increasing Vadasz number, which shows
that the Vadasz number destabilizes the system by
accelerating the onset of oscillatory convection. According to
the Figure 3-f, the critical thermal Rayleigh-Darcy number
decreases when the ratio of diffusivities increases. This
means that the diffusivity ratio destabilizes the system by
accelerating the onset of oscillatory convection.
Figure 4 shows the variations of the Nusselt number
and the Sherwood number as a function of the thermal
Rayleigh-Darcy number for several values of the system
parameters in the case of the nonlinear stability study for
amplitude.
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Figure 4. Curves of variation of the Nusselt number and the Sherwood number in the case of the stationary nonlinear stability study

From Figure 4-a and Figure 4-b, we noticed that the
Nusselt and Sherwood numbers increase with increasing
helical force intensity. The effect of this force is therefore
to accelerate the rates of mass and heat transfer.
Throughout Figure 4-c, 4-d, 4-e and 4-g, as the
Rayleigh-Darcy number and the ratio of diffusivities
increase, the Nusselt and Sherwood numbers de- crease.

The effect of the Rayleigh-Darcy number and the ratio of
diffusivities is therefore to reduce the rates of heat and
mass transfer.
Figure 5 shows the evolution of the Nusselt number and
the Sherwood number as a function of time when one of
the parameters of the system is varied by fixing the other
parameters.
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Figure 5. Curves of variation of the Nusselt number and the Sherwood number as a function of time in the case of the non-linear unsteady stability
study

International Journal of Physics

According to these different figures, we note that the
heat and mass transfer rates increase for certain
parameters and decrease for others when the value of the
chosen parameter increases. From these different figures,
we find that when the time is small, the values of Nusselt
and Sherwood numbers oscillate and approach the value
of the steady state when the time is large, thus showing
the state stationary. Figure 5-a, 5-b, 5-c, 5-d, 5-g and 5-h
show that transient Nusselt and Sherwood numbers
increase with increasing helical force intensity, relaxation
time parameter, and mass Rayleigh-Darcy number. The
effect of these different parameters is to accelerate the
rates of heat and mass transfer. From Figure 5-e, 5-f, 5-i
and 5-j, increasing the delay time parameter and the
diffusivity ratio causes the transient Nusselt and Sherwood
numbers to decrease. The effect of the delay time
parameter and the ratio of diffusivities is to reduce the
rates of heat and mass transfer.
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